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As an early adopter of plant chemical genetics to the study of endomembrane trafﬁcking,we
have observed the growth of smallmolecule approaches.Within the ﬁeld, weoften describe
the strengths of the approach in a broad, generic manner, such as the ability to address
redundancy and lethality. But, we are now in a much better position to evaluate the
demonstrated value of the approach based on examples. In this perspective, we offer an
assessment of chemical genetics in plants and where its applications may be of particular
utility from the perspective of the cell biologist. Beyond this, we suggest areas to be
addressed to provide broader access and enhance the effectiveness of small molecule
approaches in plant biology.
Keywords: chemical biology, chemical proteomics, small molecule, auxin, abscisic acid (ABA), jasmonate,
endomembrane, vesicle
INTRODUCTION
The collaboration between plant biologists and chemists aimed
at discovering new genes and protein functions has been accel-
erating over the past decade. In particular, the application of
synthetic small molecules for basic discovery in plant systems
has been growing and is becoming more sophisticated among
basic researchers. There is now a modest number of plant-related
research centers in the US, Belgium, Germany, and Sweden among
other locations which house diverse and focused chemical col-
lections, instruments, and expertise in screening for bioactive
molecules and identiﬁcation of their cognate targets. Such cen-
ters provide expertise and collaborative opportunities for plant
biologists with varied interests who may not have access to chem-
ical collections and other infrastructure. This is an important
achievement given the broad range of plant biology, genomics,
analytical and synthetic chemistry, proteomics, microscopy, and
bioinformatics that may be required depending upon the speciﬁc
project.
Our laboratory was an early adaptor of chemical genetics (i.e.,
the screening of small molecules and cognate target discovery)
with an emphasis on the cell biology of plants. Along with our
domestic and international colleagues, we have learned much
about the beneﬁts and challenges of the approach as a means to
understand biological systems through the use of small bioac-
tive molecules and other tools including “omics” approaches and
biochemistry (i.e., chemical biology). As such we would like to
offer several practical perspectives on the ﬁeld from the view-
point of cell biologists who have come to appreciate and value
the power of multiple disciplines in solving problems. The con-
cepts of plant chemical genetics have been reviewed previously
by us and colleagues (Blackwell and Zhao, 2003; Kaschani and
van der Hoorn, 2007; Walsh, 2007; De Rybel et al., 2009a,b;
Hicks and Raikhel, 2009; Robert et al., 2009; Toth and van der
Hoorn, 2009; Hicks and Raikhel, 2010, 2012; Ma and Robert,
2014). In addition, there are recent practical volumes covering
many aspects of chemical biology in plant systems (Audenaert
and Overvoorde, 2014; Hicks and Robert, 2014). The objective
here is not to review the overall ﬁeld; rather the focus will
be on successful applications and the perspectives they offer
at a practical level. We will then turn our focus to current
challenges.
WHAT IS THE VALUE OF CHEMICAL GENETICS TO PLANT
BIOLOGY?
At a fundamental level, the key to chemical genetics as with con-
ventional genetics is in generating recognizable phenotypes at the
whole plant, organ, cell or subcellular level. Whereas genetics
generates phenotypes based on mutations that, in turn, perturb
protein expression or function, chemical genetics approaches gen-
erate phenotypes for the most-part by altering protein function
directly. Given the variations possible within proteins in terms
of amino acid number and sequence, post-translational modiﬁ-
cation, and secondary and tertiary structure, the potential target
space for small molecules is vast. From the perspective of an aca-
demic plant biologist, however, the ability to access this chemical
space is limited at a practical level by the availability of compounds
and the resources to screen them. There are novel aspects to using
a chemical approach. This includes access to an increased range of
phenotypes compared to genetics alone since small molecules in
principle are able to target multiple members of a protein family
or essential proteins when applied at sub-lethal concentrations.
From the cell biology perspective, the ability of reversible drug-
like molecules to effectively relate cellular phenotypes to that at
the organism level is very powerful as is the ability to study rapid
cellular processes such as endomembrane trafﬁcking or hormonal
signaling (Hicks and Raikhel, 2012; Ma and Robert, 2014). One
frequent claim is that chemical genetics approaches can permit the
identiﬁcation of genetically lethal single genes as well as function-
ally overlapping members of protein families. This is stated in the
introductions of many manuscripts and reviews. Excluding indus-
trial screens for pesticides, as a basic research community, we now
approaching a decade of experience in plant chemical screening,
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target identiﬁcation and the resulting biological knowledge. What
do the results tell us?
SOME SUCCESS STORIES
Although there have been chemical screens reported in the liter-
ature covering many areas of plant biology including endomem-
brane trafﬁcking, hormone signaling, immunity, cell walls, and
small RNAs (Hicks and Raikhel, 2012) with others appearing fre-
quently [for example, see recently (Park et al., 2014; Paudyal et al.,
2014; Xia et al., 2014)], we will focus in this review only on select
molecules for which the cognate targets have been identiﬁed as
these are the most informative for discussion here. Even within
this limitation, the overall impact of chemical genetics in basic
plant research has beenwidespreadwith some impressive successes
(Table 1).
There are multiple examples in hormone signaling. The tran-
scriptional repression of auxin responses requires either TIR1
or one of its ﬁve homologs. By screening for resistance to a
speciﬁc and highly potent picolinate-type auxin, DAS534, the
homolog ABF5 was identiﬁed as a target (Walsh et al., 2006).
ABF5 was not identiﬁed previously in mutant screens for 2,4D
or IAA auxin resistance. The selectivity of DAS534 for ABF5
compared to other previously used auxins resulted in distinct
plant phenotypes and permitted its identiﬁcation as a target.
Brassinosteroid perception and signaling occur via the plasma
membrane BRI receptor system in which downstream signaling
is activated by members of the GSK3-like kinase family of pro-
teins. The compound bikinin was found to target a subset of
seven of these kinases of which four were not implicated pre-
viously in brassinosteroid signaling (De Rybel et al., 2009b). In
addition, the use of a brassinosteroid synthesis inhibitor, brassi-
nazole, resulted in the identiﬁcation of BIL4, a transmembrane
protein among a family of ﬁve in Arabidopsis that may be involved
in the control of cell elongation (Asami et al., 2003; Yamagami
et al., 2009).
Perhaps the best example of groundbreaking work with small
molecules was the use of a novel abscisic acid (ABA) agonist,
pyrabactin, to identify the ABA receptor family (Park et al., 2009).
Mutants resistant to pyrabactin were not resistant to ABA due
to functional redundancy within the ABA receptor family. ABA
insensitivity could only be achieved via multiple loss-of-function
mutations within the so-call PYR/PYL receptors that belong to
a large protein family known as the steroidogenic acute regula-
tory (StAR)-related lipid transfer (START) domain proteins. The
receptors interact with PP2Cs releasing the negative regulation of
Snf2-related kinase 2, activating ABA-responsive gene transcrip-
tion. What quickly followed initial reports were crystallography
studies detailing the molecular mechanisms of receptor bind-
ing and function (Melcher et al., 2009; Miyazono et al., 2009;
Nishimura et al., 2009; Santiago et al., 2009; Yin et al., 2009). This
was made possible by the ability to induce a detectable pheno-
type through the speciﬁc activity of pyrabactin for a PYR receptor
among 14 within the family.
In the area of auxin biology, several molecules have been found
to target auxin transporters. Gravicin is a chemical that inhibits
gravitropism in Arabidopsis roots. The compound was subse-
quently found to target PGP19, a member of the super-family
of ABC transporters with as many as129 members (Sanchez-
Fernandez et al., 2001; Rea, 2007), which is involved in auxin
transport. PGP19 also interacts with PIN auxin transporters
(Rojas-Pierce et al., 2007). Another molecule (BUM) appears to
target the PGP1 auxin transporter (Kim et al., 2010). Another
example yet to be published is the identiﬁcation of a speciﬁc exo-
cyst component involved in recycling of PINs and other plasma
membrane proteins. Very recently, there are exciting reports
of speciﬁc protein family members involved in jasmonic acid-
isoleucine conjugation and signaling (Meesters et al., 2014) as
well as rationally designed jasmonate antagonists (Monte et al.,
2014). Cognate targets for other molecules have been published
for example in cell wall biosynthesis where certain members of
the cellulose synthase family of proteins are targeted by isox-
aben (Desprez et al., 2002; Somerville, 2006). While there may be
additional examples of known small molecule targets, the exam-
ples cited here offer a perspective on plant chemical genetics.
Namely, successful target identiﬁcation is more likely to lead to
results that are biologically meaningful which is essential goal of
chemical biology. Anything short of this is ultimately a technical
exercise.
WHAT WORKS? WHAT DOES NOT?
What is clear from these examples is that success with small
molecules generally lies in their ability to target one or more
members of protein families. In such cases conventional loss-
of-function mutants may not generate a detectable phenotype.
Table 1 | Published small molecules with identified targets within gene families.
Small molecule Target gene famliy Function Genes in family Reference
Pyrabactin PYR/PYRL ABA preception 14 Park et al. (2009)
DAS 534 TIR/ABF Auxin perception 5 Walsh et al. (2006)
Bikinin GSK-3 kinase Brassinosteroid signaling 10 De Rybel et al. (2009b)
Brassinazole BIL4/BIL4-like Possibly BR signaling 5 Yamagami et al. (2009)
Isoxaben CESA Cellulose biosynthesis 10 Desprez et al. (2002)
Gravicin PGP/ABC transporter Membrane transport Up to 129 Rojas-Pierce et al. (2007)
BUM PGP/ABC transporter Membrane transport Up to 129 Kim et al. (2010)
Jarin-1 GH3 amino acid conjugating enzymes JA-Ile synthesis and signaling 19 Meesters et al. (2014)
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Interestingly, in our examples the small molecules did not target
all members of a conserved family. In the cases of auxin (Walsh
et al., 2006) and ABA (Park et al., 2009) perception for which there
are known ligands, the small molecules displayed altered target
selectivity for receptors compared to known synthetic or native
ligands. In other cases, inhibition of a subset of enzymes within
a family (Asami et al., 2003; De Rybel et al., 2009b; Meesters et al.,
2014) or inhibition of a class of transporters (Rojas-Pierce et al.,
2007; Kim et al., 2010) resulted in distinct phenotypes. In some
cases the phenotypes were scored in genetic screens for resis-
tance to identify the cognate targets. So it seems that compounds
should be promiscuous across a protein family in the interest
of generating phenotypes, but not too much so. One hypothe-
sis for this may be that small molecules acting too broadly may
generate generalized growth phenotypes that confound genetic
screens for targets. For example, perhaps such compounds are
more likely to have off-target effects outside of a speciﬁc pro-
tein family making it difﬁcult to identify the cognate target. But
overall, the trend indicates that the power of chemical biology as
practiced lies in the ability to generate phenotypes among pro-
tein families. This is highly signiﬁcant since in Arabidopsis one
third or more of the genes are in families (Hicks and Raikhel,
2012).
What about essential single copy genes? In principle, small
molecules should be able to target essential proteins/genes in a
dose-dependentmanner, in other words by treatment at sub-lethal
concentrations. So why is this not included in our examples from
plants? The answer may be in the approaches used to identify tar-
gets. The most reliable approach used to identify cognate targets in
plants is to screen for altered sensitivity to compounds. This takes
advantage of EMS-inducedmutations (orT-DNA loss-of-function
insertions) and the well-developed genetics and genomics avail-
able in Arabidopsis. The ability to sequence whole genomes from
pooled mapping populations has greatly increased the speed of
EMS mutation identiﬁcation (Schneeberger et al., 2009; Austin
et al., 2011; Hartwig et al., 2012). Among our examples, with the
exception of cases where the targets were deduced based on activ-
ity within known pathways (De Rybel et al., 2009b; Meesters et al.,
2014) or molecules were rationally designed to target a recep-
tor complex (Monte et al., 2014), forward EMS screens were used
to identify targets. The dilemma of using forward EMS mutant
screens for resistance is that recessive loss-of-function mutations
in essential genes will not be represented or recoverable from a
screening population. Thus, unless one is fortunate to identify
a relatively rare gain-of-function (dominant) mutant displaying
small molecule resistance, the probability of identifying an essen-
tial gene as a cognate target is relatively small. Thus, the recoverable
targets favor members of protein families from which one or few
members targeted by a small molecule result in a phenotype that
is not lethal and can be scored for mapping. It cannot be deter-
mined from the literature how many reported compounds were
pursued for targets genetically, or, of those attempted, how many
mutant screens did not result in targets. But this may explain,
at least in part, why in addition to the effort required a rel-
ative minority of novel compounds shown to be bioactive in
plants have reported targets. Overall then, the power of small
molecules when combined with EMS mutants appear to be in
identifying the functions of protein families and subsets of their
members.
THE CASE FOR CHEMICAL PROTEOMICS
For cases outside of protein families these observations would
argue for alternative approaches for the identiﬁcation of tar-
gets that are less biased against essential genes. These alternative
methods are based on the afﬁnity of small molecules for their
protein targets [discussed in (Hicks and Raikhel, 2010)]. This set
of approaches is also known as chemical proteomics (Futamura
et al., 2013). In principle, coupling bioactive molecules to a solid
matrix or bead permits direct afﬁnity puriﬁcation of potential tar-
gets. Such methods have been in use for drug target discovery
for some time (Rix and Superti-Furga, 2009), yet have not gained
much traction among plant biologists. This may be due to sev-
eral factors including ready collaborations with synthetic chemists
capable of producing taggedmolecules. Contributors to the uncer-
tainty of these approaches include (1) the feasibility of producing
appropriate tagged bioactivemolecules based on structure-activity
relationships (SAR), (2) the often unknown afﬁnity of proteins for
their small molecule ligand and their abundance, (3) the unknown
intracellular or organellar location of the target, (4) whether the
cognate targetwill bind to the ligand in protein extracts in vitrodue
to ionic strength and pH for example, and (5) whether a protein
complex is required for binding. An additional important reason
that alternative approachesmayhave not been explored fully is that
most plant biologists are trained as geneticistswho are comfortable
especially with Arabidopsis resistance screens and mutation map-
ping. A shift to other approaches requires additional training and
collaboration. These issues require a careful initial characteriza-
tion of compound potency and the analysis of structural analogs,
including those with moieties such as amines that are suitable
for coupling to biotin or other tags without greatly diminishing
activity. This requires early collaboration with synthetic chemists
before focusing exclusively on a small molecule.
On the optimistic side, mass spectroscopy instruments have
greatly increased in sensitivity making feasible the association
between compounds and protein targets even at extremely low
levels. This in itself addresses many of the issues cited above.
More recently, we have utilized an approach known as drug
afﬁnity responsive target stability (DARTS; Lomenick et al., 2009,
2011a,b). The approach is based on the principle that small
molecule binding to a target site can stabilize a protein thereby
decreasing its sensitivity toprotease digestion. The smallmolecule-
protein interaction can then be detected using mass spectroscopy
(i.e., chemical proteomics). The advantage of the approach is that
is not dependent upon producing a modiﬁed ligand. Rather the
active compound can be used. Based upon several factors cited
above, this approach will not work in all cases or even most
cases, but it is simple to establish the assay and is therefore a
simple ﬁrst approach to target identiﬁcation. Another important
aspect of chemical proteomics approaches is the ability to detect
the interactions of many proteins with a small molecule (Rix and
Superti-Furga, 2009; Futamura et al., 2013). This can be used to
detect the range of desired targets as well as off-target effects and
should be applicable to plant systems. This has proven useful
especially among pharmaceuticals where a proﬁle of targets can
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address drug speciﬁcity and off-target effects. Even within large
gene families chemical proteomics has been used to proﬁle drug
selectivity (for recent example, see Ku et al., 2014). A group of
compounds could be examined rather quickly for interactions,
with the most promising warranting further investigation. If there
is an antibody to a suspected target then the approach can be
made more focused, increasing the probability of success. Other
possible methods not requiring tagged molecules include methods
designed to co-elute proteins with active small molecules (Chan
et al., 2012). Although still being developed and adopted for plants,
these approaches to assay for direct protein-ligand interaction are
an important option prior to or in combination with genetics for
target identiﬁcation and should provide broader access to essential
genes.
FINAL PERSPECTIVES
Brieﬂy, there are several other noteworthy areas that have gained
from chemical biology from the cell biology perspective. One
is the realization that with screens that are rapid and simple,
it has been possible to ﬁnd small molecules that directly per-
turb vesicle trafﬁcking (Drakakaki et al., 2011) which impacts
other processes such a cell wall biosynthesis (Park et al., 2014).
As it turns out, virtually all such compounds result in scorable
growth or developmental phenotypes to identify cognate targets.
Furthermore, rapid mapping by sequencing requires the scor-
ing of far fewer recombinants than conventional mapping, so
it is now much more feasible to map mutations by scoring at
the microscopy level. A perhaps overlooked, but powerful ben-
eﬁt of chemical biology is the ability to score for intracellular
phenotypes directly then link the phenotypes directly to their cor-
responding developmental consequences. Given the available large
selection of ﬂuorescent protein-tagged intracellular markers, it is
efﬁcient to score small molecules across a selection of intracellu-
lar markers. It is then possible to focus on desired intracellular
and plant developmental phenotypes. The contrasting option is
to use genetics. This would require generating and screening
mutagenized populations across the same selected marker lines
followed by screening each population for intracellular defects,
a daunting task even assuming that the same range of pheno-
types could be obtained by the two approaches. Another area
that we have noted previously is the need for continued enhance-
ment in plants of automated screening utilizing image and video
analysis (Hicks and Raikhel, 2009). This includes the tracking
of plant development at macro and micro levels [for several
recent examples, see (Tisne et al., 2013; Sozzani et al., 2014)],
vesicle movement related to basic mechanisms, plant immunity
and development within tissues such as the meristem (Salomon
et al., 2010; Tataw et al., 2013; Ung et al., 2013; Beck et al., 2014).
In quantifying aspects of vesicle or organelle diameter, velocity,
and directionality we can learn about the regulation of dynamic
subcellular compartments in real time. In this manner small
molecules can be used to directly modulate intracellular traf-
ﬁcking in a quantiﬁable manner to dissect pathway function and
regulation.
Our ﬁnal perspective on chemical genetics is that as the ﬁeld is
maturing, it is becoming critical for labs to focus on the biology
and what can be learned using this approach. That is, the focus
should be increasingly on the biology aspects of chemical biology.
It is not enough to simply ﬁnd new compounds with interesting
bioactivities. Rather, we have to push harder to demonstrate that
biological insight has been gained in each study. This is a character-
istic of each successful example published in high proﬁle journals
and what we should strive for as a community.
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